Density interfaces in the water column are ubiquitously found in oceans and lakes. Interaction of settling particles with pycnoclines plays a pivotal function in nutrient transport between ocean layers and settling rates of marine particles. We perform direct numerical simulations of an elongated particle settling through a density interface and scrutinize the role of stratification on the settling dynamics. It is found that the presence of the density interface tends to turn the long axis of an elongated particle parallel to the settling direction, which is dramatically different from its counterpart in a homogeneous fluid. Although broadside-on settling of the elongated particle is enhanced upon approaching the interface, the long axis rotates toward the settling direction as the particle passes through the interface. We quantify turning couples due to stratification effects, which counteract the pressure-induced torques due to the fluid inertia. A similar behavior is observed for different initial orientations of the particle. It is shown that the reorientation of an elongated particle occurs in both sharp and linear density stratifications.
I. INTRODUCTION
The settling of particles in marine environments plays a controlling role in geophysical processes such as the carbon transfer from upper ocean and trophic dynamics [1, 2] . The occurrence of vertical density gradients in aquatic environments has been shown to be responsible for a drag enhancement [3, 4] , reduced flow signature [5] , and modified settling dynamics [6, 7] of spherical particles. Recently, Doostmohammadi, Stocker, and Ardekani [8] found that density stratification can affect motility-related traits of small spherical-shaped organisms. Current knowledge on particle motion in stratified fluids is limited to spherical particles and organisms. Yet, many particles that ubiquitously encounter stratified conditions are not spherical [9] . For example, the most frequent aspect ratio of phytoplankton is around 5 [10] , and shapes like rods or needles far outnumber spherical and pancake-shaped cells [11] .
The sedimentation of elongated particles in homogeneous fluids has been extensively studied [12] [13] [14] [15] [16] . In the Stokes regime, it is known that the orientation of an ellipsoid does not change during the sedimentation process and remains constant at its initial value. The drag force acting on an ellipsoid moving parallel to its shorter axis is larger than the one descending parallel to the longer axis. Consequently, the settling rates at the low-Reynolds number regime are orientation-dependent [17] . The introduction of inertia results in a significant modification in settling dynamics and causes elongated particles to rotate and settle along their broader side [16] . Interestingly, however, when an elongated particle sediments in a viscoelastic fluid, the presence of normal stress stabilizes the vertical descent along the long axis and counteracts the turning couples induced by inertial effects [18] . It has been recently shown by Masoud, Stone, and Shelly [19] that the porosity has small effect on rotation rate of ellipsoid in simple shear flows. The recent study by Doostmohammadi and Ardekani [20] shows that the dynamics of an elongated particle momentarily formed by * ardekani@purdue.edu collision of a pair of spherical particles can be significantly affected by buoyancy effects. This suggests that stratification can potentially affect the settling dynamics of elongated particles due to buoyancy-induced torques. To the best of our knowledge, there is no reported experimental, numerical, or theoretical work on the settling of elongated particles through density interfaces; the work herein attempts to fill this gap.
II. GOVERNING EQUATIONS AND NUMERICAL TECHNIQUES
The settling of an ellipsoid through a density interface of thickness h, separating upper and lower homogeneous fluids, is studied (Fig. 1) . The initial density profile is specified as
where ρ u and ρ l represent densities of the upper and lower layers, respectively. The vertical component of the position vectorz is measured from the density interface and erf(x) =
2 dx represents the error function. The equations of motion for an incompressible, Newtonian fluid with variable density [21, 22] are solved for the entire domain:
where t is time, u = (u,v,w) the velocity vector, p the pressure, μ the dynamic viscosity of the fluid, g = −gẑ the gravitational acceleration, andẑ is the unit vector along the vertical direction (positive upward). The rigidity force f is only nonzero in the particle domain and is added to the momentum equation to enforce the particle-fluid coupling by using a distributed Lagrange multiplier (DLM) method, which has been previously used in our studies of the motion of general-shaped particles in homogeneous fluids [23, 24] and settling of spherical particles in stratified fluids [20, 25] . The particle is rigid and no-slip boundary condition is satisfied on the surface of the particle. The indicator function φ is defined to separate solid and liquid phases with φ = 1 inside the particle and φ = 0 inside the fluid domain. The density can be written as ρ = ρ f + φ(ρ p − ρ f ), where ρ p and ρ f represent the density of the particle and density of the fluid, respectively. The surface of the particle is assumed impermeable to the stratifying agent and density variations are calculated by solving the advection-diffusion equation for the fluid density:
where κ denotes the diffusivity of the stratifying agent. The volumetric average densityρ times gravitational acceleration is subtracted from the right-hand side of Eq. (3), to prevent the uniform acceleration of the entire domain [20, 26] . Equations (2), (3), and (4) are solved using the finite-volume method with the projection scheme to enforce continuity [20] . The third-order quadratic uniform interpolation for convective kinetics (QUICK) scheme [27] and a second-order total variation diminishing (TVD) Runge-Kutta method [28] are used for space and time discretizations, respectively. 
III. VERIFICATION OF THE NUMERICAL SCHEME
The numerical method has been extensively verified and validated against numerical and experimental results for settling of spherical particles in homogeneous and stratified fluids [20, [23] [24] [25] . Here, we verify the accuracy of the numerical scheme by comparing the rotation rate of an ellipsoid settling in a homogeneous fluid in a narrow channel against the numerical study of Pan et al. [16] . We follow the exact problem setup as in Pan et al. [16] . The size of the channel is set to (1 × 0.25 × 4), the density of the prolate ellipsoid is ρ p = 1.1 and the fluid properties are set to ρ f = 1 and μ = 0.01. Note that the dimensional quantities for this case are reported in the CGS unit system. For this verification test, where the background fluid is homogenous, Eq. (4) is not needed and ρ f is constant, i.e., independent of space and time. The longest and shortest semiaxes of the ellipsoid are R = 0.2 and r = 0.1, respectively. The centroid of the particle is initially located at (0.5, 0.125, −1) with its longest axis parallel to the direction of gravity and is released from rest. The gravitational acceleration is g = 981. The grid size is set to x = 1/80 and the time step of t = 0.001 is used. The no-slip boundary condition is used for the velocity at all boundaries of the narrow channel. Figure 2 compares the present numerical results and the numerical results of Pan et al. [16] . The normalized root-meansquare difference between the two simulations is less than 2%.
IV. REORIENTATION OF AN ELLIPSOIDAL PARTICLE AT A DENSITY INTERFACE
The gravitational settling of an ellipsoid through a density interface can be characterized by a number of dimensionless parameters. We use Archimedes number, for a sphere of radius r,
Unless otherwise stated, a prolate ellipsoid is initially located 10r above the interface, the Archimedes number is Ar = 15, the density ratio η = ρ p /ρ u = 1.1, the Péclet number Pe = 1900, the thickness of the interface h = r/2, and the aspect ratio is χ = R/r = 2. The governing parameters are selected such that the particle Reynolds number based on the maximum velocity of the ellipsoid in the upper layer W u is about Re = ρ u W u r/μ ≈ 1 − 5, depending on the initial orientation of the ellipsoid.
A large computational domain is used to minimize the effects of boundaries. The normal gradient of velocity is set to zero on the top and bottom boundaries of the domain and the density is set to fixed values of ρ u and ρ l on the top and bottom boundaries, respectively. Periodic boundary conditions are used for the side boundaries. It is found that the results for the domain of (40r × 40r × 120r) are independent of the domain size and doubling the size of the domain to (80r × 80r × 240r) leads to the maximum error of 0.91% in the angular velocity. Thus, in our simulations we use the domain of the size (40r × 40r × 120r).
It is found that N = 20 grid points across the major semiaxis of the ellipsoid R are enough to accurately capture the dynamics of the motion. The convergence of the results with successive refinement of the grid is shown in Fig. 3 , where the normalized L 2 norm of the error in angular velocity is plotted versus the grid spacing in a log-log plot. The normalized error is defined with respect to the finest grid size
where the subscript f refers to the finest grid, t e − t 0 represents the duration of the simulation, and max and min are the maximum and minimum values of angular velocity during the simulation. Approximately, a third-order convergence is observed as the grid is refined. The results show that the presence of the density interface leads to a significant modification of the settling dynamics of elongated particles. We first consider the rotation of an ellipsoid as a function of the fallen distance [ Fig. 4(a) ]. The orientation angle θ is defined as the angle between the long axis of the ellipsoid and the vertical direction (see Fig. 1 ). The density interface is located at (z − z l )/r = 0, where z is the vertical position of the particle and z l is the location of interface. After the initial acceleration of the ellipsoid from rest, the ellipsoid rotates toward broadside-on settling in the upper homogeneous layer due to inertial effects. The direction of rotation is, however, reversed as the ellipsoid passes the interface and the existing buoyancy jump tends to turn the ellipsoid's long axis parallel to the settling direction. Nevertheless, as the particle penetrates into the lower layer and moves further away from the interface, the buoyancy effects start to fade and the particle begins to turn its broadside normal to the settling direction due to inertial effects. As evident from Fig. 4(a) , the stronger buoyancy jump, b = 0.05, enhances the reorientation of the ellipsoid at the density interface. Figure  4 (b) shows the evolution of the settling velocity versus the fallen distance. Similar to spherical particles [3] , after reaching the maximum velocity in the upper layer, the particle experiences a strong drag force at the interface and slows down to a minimum velocity, after which the particle accelerates toward its terminal velocity in the lower layer. As we further increase the buoyancy jump (for b = 0.06), the ellipsoid bounces for a short time at the interface. The bounce is followed by a slow penetration of the particle to a lower layer while turning its broadside parallel to the settling direction. Since the particle stops momentarily at the interface, for this stronger buoyancy jump, the inertial effects are weaker and consequently the rotation of the long axis toward the settling direction persists for a longer time compared to the weaker buoyancy jump (b = 0.04).
In the following we provide a characterization of the flow field around the particle as it passes through the interface. Figure 5 shows snapshots of the reorientation of the ellipsoid at the density interface. As evident from the magnified view of the ellipsoid at the density interface [ Fig. 6(a) ], the settling of the particle through the interface perturbs constant density lines, isopycnals, around the particle. As a result of the deflection of isopycnals, the gradients of density and pressure are locally misaligned. The baroclinic vorticity generation term (∇ρ × ∇p) is nonzero and leads to the generation of vortices behind the particle. As evident from Fig. 6(b) , the formation of baroclinic vortices behind the ellipsoid induces a high shear rateγ on the particle surface, whereγ = √ 2D : D and D = (∇u + ∇u T )/2 represents the rate of strain tensor. As the baroclinic vortices get stronger, the shear rate and consequently shear stress increase (see Fig. 7 ). As will be shown in Sec. V, the enhancement of shear stress on the particle surface due to buoyancy effects gives rise to a turning couple, which counteracts the inertia-induced torque generated by the high pressure at the stagnation points on the particle [29] . For a stronger buoyancy jump where the particle reverses its direction of motion for a short time, the inertial effects are suppressed to a great extent compared to the buoyancy effects. Thus, after a quick bounce, the particle slowly descends through the interface and buoyancyinduced turning couples more effectively align the major axis of the ellipsoid with the gravitational direction (see Fig. 8 ). Figure 9 shows the effect of the initial orientation of the ellipsoid on the settling dynamics for two different buoyancy jumps. Although the orientation and settling velocity of the ellipsoid vary for different initial orientations, the qualitative behavior of the particle is the same at the interface. Independent of the initial orientation of the ellipsoid, the buoyancy effects at the density interface oppose the broadsideon settling and turn the major axis of the ellipsoid toward an orientation along the gravitational direction. Furthermore, as the aspect ratio of the ellipsoid is increased, the reorientation of the elongated particle at the density interface is enhanced (Fig. 10) . We also examined the sensitivity of the results to the thickness of the interface. Figure 11 demonstrates that the thickness of the transition layer has negligible effect on the orientation of the elongated particle. The small effect of the thickness on the settling dynamics has been previously pointed out by Blanchette and Shapiro [30] in the context of the settling of a spherical drop through a sharp density interface. The authors showed that the settling velocity of the drop is insensitive to the thickness of the transition region as long as the thickness is on the order of the drop diameter and the diffusive effects are small, i.e., Pe 1.
V. REORIENTATION IN A VISCOUS REGIME (Re 1)
In this section, we provide a quantitative characterization of the sedimentation of elongated particles at density interfaces in a highly viscous regime (Re 1). It is known that in the absence of inertia and stratification, the particle maintains its initial orientation during the sedimentation process. Thus, any reorientation of the particle in a sharply stratified fluid in this highly viscous regime can be solely attributed to the presence of the density interface. In this case, the terminal velocity of the particle in the upper layer W t is used as the characteristic velocity. Figures 12(a) and 12(b) compare the orientation and settling velocity of the ellipsoid versus the fallen distance for homogeneous and sharply stratified fluids. The particle follows the settling behavior in a homogeneous fluid up to the distance of 7r from the interface where the particle begins to feel the effect of the interface. Consequently, the settling velocity experiences an abrupt drop, and the broadside of the ellipsoid turns toward the horizontal direction. This reorientation is related to a pressure-induced torque due to the presence of the interface, akin to the settling near a horizontal wall. This can be clearly seen in Fig. 13 , where the pressure distribution on the surface of the particle is shown at different stages of the settling process.
In order to accurately characterize combined effects of the pressure and viscous stress on the reorientation of the ellipsoid, the torque acting on the particle is plotted in Fig. 14, where the   FIG. 13. (Color online) Pressure distribution on the surface of the ellipsoid for Re t = ρ u W t d/μ = 0.1 and b = 0.04 at three stages of the settling: before reaching the interface where the ellipsoid is 8.5r above the interface; close to the interface where the particle is 2r above the interface; and after passing through the interface where the ellipsoid is 5r below the interface. total torque T is decomposed into contributions from pressure and viscous stress; i.e., T = T p + T s . The contributions are calculated by direct integration of the pressure and viscous stress on the surface of the ellipsoid, respectively:
where S is the surface of the ellipsoid, r c denotes coordinates of the centroid of the ellipsoid, n is the unit vector normal to the surface, dA a surface element, and τ = 2μD is the viscous stress tensor. As evident from Fig. 14(b) , the rotation of the particle is dictated by the pressure-induced torque before reaching the interface. However, as the particle passes through the interface between the two fluid layers, the contribution of the viscous stress changes its sign and opposes the pressureinduced couple. Further displacement of the particle from the interface is accompanied by the detachment of the tail of caudal fluid from the particle, and thus buoyancy-induced vortices are weakened. Subsequently, the magnitude of the turning couple due to viscous stress is reduced and the rotation of particle's long axis toward the settling direction is slowed down. As the particle moves away from the interface, its velocity approaches the terminal velocity in the lower homogeneous fluid layer.
VI. REORIENTATION IN A LINEARLY STRATIFIED FLUID
In previous sections, the settling of an elongated particle in a sharply stratified fluid was investigated. The sharp density interface is commonly used to scrutinize the effect of the density variation on the settling of particles [3, 6, 30] , as it is easier to create and maintain for long periods of time in experiments [31] . In addition, dynamics of the motion through a sharp density interface can be predicted by firstprinciple models and be extended to density "staircase" approximating linear density profiles [32] . However, in natural environments the thickness of the interface is much larger than the size of particles and organisms and thus linear stratification provides a more realistic representation of the condition [8] . In this section, the motion of an elongated particle through a linearly stratified fluid is studied in a viscous regime.
The same governing equations and the numerical method as in Sec. IV are used. In order to impose a linear background stratification, the initial density profile is prescribed as
where ρ 0 is the background density at the initial position of the particle z 0 , and is the background density gradient.
The density ratio is set to ρ p /ρ 0 = 1.1 in this section. The boundary conditions are the same as the ones used in Sec. IV for settling through a sharp density interface, except for the density at top and bottom boundaries where ∂ρ/∂z = − is implemented to maintain the background linear profile. It is found that the results are independent of the size of the domain for the domain size of (40r × 40r × 160r). The strength of the background stratification is characterized by the Froude number Fr = W t / (Nr), where N = √ g /ρ 0 is the Brünt-Väisälä frequency, i.e., the natural frequency of oscillation of a vertically displaced fluid parcel in a stratified fluid. The Reynolds number Re t = W t r/ν is defined based on the terminal velocity of the ellipsoid in a homogeneous fluid of density ρ f = ρ 0 .
The results show that the reorientation of an elongated particle also occurs in linearly stratified fluids. Figure 15 shows the settling velocity and the orientation of the ellipsoid as a function of position for different Froude numbers at Re t = 0.1. The orientation of an ellipsoid settling in a homogeneous fluid remains unchanged in the Stokes regime (Re = 0) and the particle reaches a terminal velocity, which is orientationdependent. Nevertheless, even small inertial effects can result in the rotation of the broadside of the particle normal to its settling direction [ Fig. 15(a) ]. As evident from Fig. 15(b) , the ellipsoid initially accelerates from rest in a stratified fluid and the orientation angle increases slightly due to small inertial effects, similar to the settling in a homogeneous fluid. Soon after, however, the broadside of the ellipsoid turns toward the settling direction (see Fig. 16 ). The reorientation is enhanced for stronger background density gradients (smaller Froude numbers). The alignment of the ellipsoid with the vertical direction, however, is not stable and the ellipsoid will eventually tumble. The effect of the stratification on reducing the vertical velocity of an ellipsoidal particle is akin to spherical particles, which has been shown both experimentally and numerically [4, 7] . In the low Reynolds number regime, the suppression of the vertical motion is associated to the viscous entrainment of lighter fluids from upper layers behind the spherical particle.
VII. CONCLUSION
We have shown for the first time that the settling dynamics of elongated particles can dramatically change due to the presence of density interfaces; a scenario that ubiquitously occurs during settling of particles and organisms in marine environments. Unlike inertial settling in a homogeneous fluid where the elongated particle turns its broadside normal to the direction of gravity, the buoyancy effects at a density interface tend to turn the long axis of the particle along the settling direction. The reorientation has been shown to occur for both sharp density interface and linearly stratified fluid. It should be noted that special care has been taken to conduct the numerical experiments in the parameter range that emulates realistic conditions of settling particles in stratified fluids of oceans and lakes. To this end, we have chosen the range of 0.1 < Re < 10, corresponding to the settling of marine snow particles of size 0.5 mm < r < 2 mm in oceans [33] , the buoyancy jump of less than 10% [34] . These results can have important applications in environmental flows, where settling rates of suspended particles can experience a substantial change due to the reorientation at density interfaces.
